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Hearing Research Institute, University of Michigan, Ann Arbor, MichiganABSTRACT Intracochlear electric fields arising out of sound-induced receptor currents, silent currents, or electrical current
injected into the cochlea induce transmembrane potential along the outer hair cell (OHC) but its distribution along the cells is
unknown. In this study, we investigated the distribution of OHC transmembrane potential induced along the cell perimeter
and its sensitivity to the direction of the extracellular electric field (EEF) on isolated OHCs at a low frequency using the fast
voltage-sensitive dye ANNINE-6plus. We calibrated the potentiometric sensitivity of the dye by applying known voltage steps
to cells by simultaneous whole-cell voltage clamp. The OHC transmembrane potential induced by the EEF is shown to be highly
nonuniform along the cell perimeter and strongly dependent on the direction of the electrical field. Unlike in many other cells, the
EEF induces a field-direction-dependent intracellular potential in the cylindrical OHC. We predict that without this induced intra-
cellular potential, EEF would not generate somatic electromotility in OHCs. In conjunction with the known heterogeneity of OHC
membrane microdomains, voltage-gated ion channels, charge, and capacitance, the EEF-induced nonuniform transmembrane
potential measured in this study suggests that the EEF would impact the cochlear amplification and electropermeability of
molecules across the cell.INTRODUCTIONIntracochlear electric fields are introduced within the organ
of Corti by sound-induced receptor currents, silent currents
(1,2), or electrical current injected into the cochlea via, e.g.,
cochlear implant electrodes (3) or electrodes in animal
experiments (4,5). This extracellular electric field (EEF)
induces transmembrane potential along the outer hair cells
(OHCs), whose distribution along the cell is unknown.
The OHCs constitute one of two kinds of mechanosensitive
hair cells in the mammalian cochlea. They play an important
role in enhancing sound-induced vibrations inside the hear-
ing organ by means of somatic electromotility (6). OHC
somatic electromotility is an electromechanical transduction
phenomenon whereby cellular length changes are produced
at audio frequencies in response to changes in their trans-
membrane potential and charge displacement. This process
is reciprocal, i.e., charge displacement is induced by stretch-
ing of the basolateral membrane (7). It is thought to arise
through voltage-gated conformational changes in a mem-
brane protein that has been identified as prestin (8).
Although it is known that OHC somatic electromotility is
largest for EEF applied along the OHC axis, and smallest
for EEF perpendicular to the OHC axis (9), the quantitative
dependence of the EEF-induced OHC transmembrane
potential on the EEF direction is not known.Submitted July 8, 2013, and accepted for publication November 7, 2013.
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0006-3495/13/12/2666/10 $2.00The OHC plasma membrane is functionally partitioned.
The apical part performs the task of mechanoelectrical
transduction, converting the deflection of its stereocilia
into ionic current; the lateral membrane performs electro-
mechanical transduction in the form of somatic electromo-
tility (8,9); and the basal part performs neurotransmission
(10). Whereas the lateral membrane of the OHC contains
nearly all of the prestin molecules that are responsible for
somatic electromotility, the basal membrane houses most
of the voltage-gated ion channels. The lateral membrane is
also composed of structural microdomains. This heteroge-
neity may underlie similar variability in the mechanical
activity of the lateral membrane. Kachar et al. (11) observed
local variation in the direction that microbeads moved along
the surface of the electrically excited OHC. Santos-Sacchi
(12) showed that the microdomains are functionally inde-
pendent and the voltage characteristics of the elementary
motors differ from those obtained through whole-cell mea-
sures. Furthermore, the OHC charge and capacitance vary
along the cell membrane (13). Additionally, the membrane
cholesterol composition of OHC plasma membrane is
nonuniform, which could affect the conductivity of the ion
channels along the OHC perimeter (14). Thus, the distribu-
tion of transmembrane potential along the OHCs has the
potential to influence several aspects of hearing, including
cochlear amplification and the electropermeability of mole-
cules into the cell.
In this study, we measured the OHC transmembrane po-
tential induced by EEF at a low frequency of 3 Hz using a
nanosecond-response fast voltage-sensitive dye (nsFVSD),
ANNINE-6plus (15). Voltage-sensitive dyes act as cellular
voltmeters, allowing direct measurement of changes in thehttp://dx.doi.org/10.1016/j.bpj.2013.11.021
OHC in Extracellular Electric Field 2667transmembrane potential (16). One of the desirable features
of the optical approach is that it allows one to record
spatiotemporal signals from multiple sites simultaneously.
Although voltage-sensitive dyes have been routinely used
to study neuronal activity (17) and to determine the distribu-
tion of electrically induced transmembrane potential in
other cells (18), they have rarely been used to visualize
transmembrane-potential changes in cochlear cells or tis-
sues. Nakagawa et al. (19) used voltage-sensitive dyes to
measure the phase delay in propagation of a voltage signal
applied to the base of an isolated OHC. Their work involved
the application of whole-cell voltage or current clamp and
measurement of the resulting transmembrane potentials
along the OHC. In this study, we measured the transmem-
brane potentials along the OHC perimeter induced by
EEF, and its quantitative dependence on the direction of
the electric field. We show that the EEF induces a highly
nonuniform distribution of OHC transmembrane potential
along the cell perimeter. Unlike the case with many other
cells, the EEF also induces a field-direction-dependent
intracellular potential in the cylindrical OHC, perhaps
owing to the heterogeneous distribution of OHC membrane
resistance. We also predict that without this induced intra-
cellular potential, there would be negligible somatic electro-
motility resulting from the EEF.MATERIALS AND METHODS
Ethical approval
All procedures in this study were approved by the Institutional Animal Care
and Use Committee of Oregon Health and Science University.Tissue-cultured HEI-OC1 cells
The auditory cell line HEI-OC1 was kindly provided by Dr. Federico
Kalinec (House Research Institute (formerly known as House Ear Institute),
Los Angeles, CA). The cells were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS) and 10 mg/L g-interferon (Invitrogen), and
maintained at 33C in a humidified 10% CO2 incubator. Twenty-four hours
before analysis, 2  104 cells were plated per well in four-well microscope
slides.OHC isolation
Adult guinea pigs (250–300 g) with positive Preyer’s reflex were anesthe-
tized by intramuscular injection of an anesthetic mixture (60 mg/ml
ketamine, 2.4 mg/ml xylazine, and 1.2 mg/ml acepromazine in saline) at
a dose of 1 ml/kg and killed by decapitation. The cochleae were rapidly
removed from the bulla and dissected in a petri dish filled with a standard
artificial perilymph composed of (mM) 144 NaCl, 4 KCl, 1.3 CaCl2,
0.9 MgCl2, 0.7 Na2HPO4, 10 HEPES, and 5.6 glucose. The osmolarity of
the solution was adjusted to 304 mOsmol/l with glucose and the pH was
adjusted to 7.4 with NaOH. All procedures were performed at room temper-
ature. The organ of Corti was dissected and digested with dispase I
(1.0 mg/ml) for 12 min. A few drops of the solution containing the dissoci-
ated OHCs were placed on a microscope slide coated with poly-L-lysine.
The cells were allowed to settle and attach to the bottom of the chamber.Dye loading
The cell preparation was bathed in an artificial perilymph solution (20). The
nsFVSD ANNINE-6plus (Dr. Hinner & Dr. Hu¨bener Sensitive Dyes,
Farbstoffe) was added to the bath solution at a concentration of 5 mg/ml
(21). The cells were incubated for 5 min with this dye solution, washed
twice with the bath solution, and transferred to the microscope.Solutions
Bath solutions containing (mM) 142 NaCl, 5 KCl, 1.5 CaCl2, 2 MgCl2,
10 HEPES, and 5.6 D-glucose were adjusted to a pH of 7.4 with NaOH
and osmolarity to 304 mOsmol/l with D-glucose. Pipette solutions contai-
ning(mM) 148 KCl, 0.5 CaCl2, 2 MgCl2, 10 HEPES, and 1 EGTA (final
Ca2þ concentration of 50 nM) were adjusted to pH 7.4 with KOH, and
osmolarity was adjusted to 298 mOsmol/l with D-glucose.Electrical excitation using an electrode pair
An AgCl cylindrical wire electrode pair (each 125 mm in diameter; use of
these thick wires eliminated charge-density-dependent bubbles at their sur-
face) separated by ~1 mm was used to provide the electrical excitation. The
electric field applied was ~1–2 mV/mm. (This is proportional to V/d, where
V is the amplitude of the voltage applied to the electrodes and d is the inter-
electrode spacing). The electrodes can be approximated as parallel wires,
and thus the electrical field is oriented in the direction perpendicular to
those wires. The wire electrode pair, and hence the resulting electric field,
was positioned in the plane of the chamber (parallel to the microscope slide)
containing the isolated cells. The pCLAMP-10 data acquisition system was
used to apply square or sine wave voltage input to the wires at ~10 V and
3 Hz frequency. The low alternating current (AC) frequency used here is
not due to a limitation of nsFVSD speed. We chose the low frequency
because we used a CCD camera for the recording to allow for simultaneous
capture of the entire cell in each frame. The 3 Hz frequency used here was
sufficient for the scope of this work, in which we ignored the dynamics due
to cell capacitance.Patch clamping
Patch-clamp measurements were done on cultured HEI-OC1 cells to apply
a known transmembrane potential for calibrating the voltage-sensitive dye
ANNINE-6plus used in this study. The patch pipettes were pulled with a
puller (P80/PC; Sutter Instrument) in four steps from borosilicate capil-
laries (WPI, 1B150F-4) with initial resistance of 4–5 mohm in our regular
Naþ-rich bath and Kþ-rich pipette solutions. Data acquisition for electro-
physiology was done using Axon Instruments controlled by pCLAMP
10.2 and Clampex software. The MultiClamp 700B amplifier was used
with the patch-clamp head stages. Two Sutter Instrument micromanipula-
tors were integrated with this system and remotely controlled.Fluorescent imaging
The fluorescence excitation light was provided by the X-Cite 120Q micro-
scope light source system. We used the nsFVSD ANNINE-6plus and the
Semrock Di-A-A-ZHE filter set with excitation spectrum 430–480 nm
and emission spectrum 565–645 nm. Calculations similar to those described
by Kuhn and Fromherz (22) for the dye showed that this filter set is nearly
optimized for the use of ANNINE-6plus dye. The fluorescence intensity
decreases for cell depolarization and increases for cell hyperpolarization
for this dye and filter set. The strategy used here for filter selection was
to maximize the response of the dye. An alternative filter-selection strategy
would be to maximize the sensitivity up to 25% per 100 mV, but at the
expense of much reduced intensity (16).Biophysical Journal 105(12) 2666–2675
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A Hamamatsu ORCA CCD camera connected to one port of an
AxioExaminer Zeiss upright microscope was used to record images at the
rate of 16 frames per second (using 2-pixel binning). The CCD camera
recorded fluorescence images of the whole cell as a function of time.
These images, which were sequential camera frames, were imported into
MATLAB (The MathWorks, Natick, MA) as a video file. The whole-cell
membrane region was divided into ~25–50 regions of interest (ROIs).
The raw intensity over the ROIs partitioning the cell membrane (IROI
raw)
was obtained by averaging over each ROI. The background intensity
(IBG) in any time frame was determined by selecting a region exclusive
of any cell membrane. The intensity over the ROI (IROI) was determined
by subtracting the background intensity (IBG) from the raw intensity
(IROI
raw). The intensity IROI has information about the cell transmembrane
potential, which is an alternating component at the frequency of the stim-
ulus, but it is accompanied by a slow change due to photobleaching of
the dye over the exposed time period. The intensity change with time due
to photobleaching was determined by fitting IROI by a simple polynomial
function IROI
FIT (see Fig. 1). The fractional change in the intensity over a
portion of the cell membrane is thus given by (IROI  IROIFIT) / IROIFIT.
This fractional change in intensity was converted into the local trans-
membrane potential (D4ROI) using the calibration Calib, as determined
for the ANNINE-6plus dye for our filter setup using simultaneous whole-
cell voltage clamp on HEI-OC1 cells. Calib is the fractional change in
the fluorescence intensity of the dye for a 100 mV change in the transmem-
brane potential. The qualitative results presented in this work do not depend
on the calibration, but the quantitative values do. Thus,
D4ROIðtÞ ¼

IROI  IFITROI

IFITROI
 100
Calib
mV (1)
The peak transmembrane potential in the ROI was obtained over each cycle
of the electric field excitation and then averaged over these cycles to give
D4ROI. The procedure was repeated for all ROIs. The phase of the trans-
membrane potential was determined from D4ROI(t) at some fixed time
t ¼ t* for all ROIs. A plot of D4ROI along with its phase thus gives a snap-
shot, or single-time picture, of the transmembrane potential versus perim-
eter in response to the applied alternating electric field. Note that the
induced transmembrane potential is independent of the raw fluorescenceFIGURE 1 Data sample showing the intensity over one ROI with back-
ground subtracted (IROI) and a polynomial fit for the drop in intensity
from photobleaching (IROI
FIT). The two arrows point to the start and end
of the 3 Hz sinusoidal EEF excitation signal. To see this figure in color,
go online.
Biophysical Journal 105(12) 2666–2675intensity and depends only on changes in the intensity. The EEF-induced
change in the OHC transmembrane potential leads to a change in the length
of the cell by means of its somatic electromotility. This length change is ex-
pected to recruit more membrane into the individual ROI, which could
potentially affect fluorescence measurements. However, the level of electro-
motility did not affect the fluorescence measurements presented in this
study. For a 0.6 mm electromotility length change (see Supporting Material)
of a 70-mm-long OHC, the percentage change in length is 0.85%. The
change in the size of the ROI is also 0.85%. For a ~10 pixel ROI, as used
in this study, this change is <0.1 pixel, which is small and did not affect
the fluorescence measurements presented here.RESULTS
Calibrating the dye sensitivity using
simultaneous whole-cell voltage clamp and
nsFVSD
The sensitivity of a voltage-sensitive dye depends on several
factors, such as the setup and filters, staining time, concen-
tration, time between staining and measurement, cell type,
and the particular stock of dye used in the experiment.
Thus, it is important to calibrate the sensitivity of the dye.
We calibrated the sensitivity of the nsFVSD ANNINE-
6plus using simultaneous whole-cell voltage clamp plus
fluorescent imaging in cultured HEI-OC1 cells, similar to
the technique suggested in Carlson and Coulter (23). This
dye has a very fast response time, on the order of less
than a few nanoseconds (15). The measured data are shown
in Fig. 2 for four HEI-OC1 cells. Fig. 2, A, B, E, and F, show
the raw intensity (mean over the cell perimeter) minus the
background. A continuous nearly exponential drop in inten-
sity due to photobleaching was removed by function-fit. The
red curves in these panels show the exponential fit to the
data. The steps in the insets in Fig. 2, A, B, and F, show
the time frames in which the whole-cell clamp voltage
was changed from 70 mV to þ70 mV (first
step), þ70 mV to 70 mV (second step), and 70 mV to
0 mV (third step). In Fig. 2 E, the whole-cell clamp voltage
was changed from 70 mV toþ70 mV (one step only). The
percentage change in intensity with the applied voltage steps
is derived by subtracting the exponential fit from the data in
Fig. 2, A, B, E, and F, and dividing by the corresponding
exponential fit, as discussed in the Materials and Methods
section. These data are shown in Fig. 2, C, D, G, and H. It
may be noticed that the curve fit for photobleaching is not
perfect and thus the curves shown in Fig. 2, C, D, G, and
H are not perfectly flat where no voltage steps are given.
The fluorescence intensity decreases upon cell depolariza-
tion and increases with cell hyperpolarization for the filter
set and dye chosen. The percentage change in intensity of
the dye was determined to be Calib z 5–5.7% per
100 mV in the cultured HEI-OC1 cells based on the data
shown in Fig. 2, C, D, G, and H. The ANNINE-6plus dye
has been reported to be linear versus voltage (24) for the
ranges used in this work. In Fig. 2, C and D, the percentage
change for 70 mV change in transmembrane potential (third
FIGURE 2 Change in fluorescence intensity of ANNINE-6plus in HEI-OC1 cells in response to step changes to the intracellular voltage applied via simul-
taneous whole-cell voltage clamp. (A–H) Raw (A, B, E, and F) and percentage (C, D, G, and H) changes in dye intensity are shown as a function of time for
four representative cells. It can be seen that the portions of the curve with a slight rise or fall without accompanying step changes in (C,D,G, andH) are due to
imperfections in the function-fit in these regions.
Biophysical Journal 105(12) 2666–2675
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membrane potential (second step).Transmembrane potential distribution along the
cell perimeter induced by EEF
Theoretical model
The local transmembrane potential induced by the EEF along
a cell perimeter is given by the difference between the EEF-
induced intracellular potential and the EEF-induced local
extracellular potential on the cell membrane (25). If a cell
membrane is assumed to be nonconducting, owing to the
much larger membrane resistance of a cell compared with
the bath resistance, no electric current should enter the cell.
However, in reality, a cell is not completely insulated and
there is a small current flowing into the cell. This intracellular
current will generate a net intracellular potential if the mem-
brane resistance distribution is nonuniform, which is the case
for OHC. Predicting the EEF-induced OHC intracellular
potential would require knowledge of the OHC membrane
heterogeneities, which is beyond the scope of this study.
(However, see the Supporting Material for a lumped model
of the EEF-induced intracellular potential in a simplified
heterogeneous cylindrical cell in which the membrane resis-
tance of the top half differs from that of the bottom half.) The
EEF-induced intracellular potential (a single value per cell) is
derived from measurements as the mean of the transmem-
brane potential along the cell membrane (26).
The extracellular potential induced along the plasma
membranes of cells placed in an electric field depends
only on the EEF and the cell’s geometric properties and
orientation, and is governed by the Laplace equation (18).
Consider an ellipsoidal cell with semi-axes a, b, and c
excited by an electric field at azimuth angle d and elevation
angle g. The induced extracellular potential along the
three-dimensional surface of the cell where a and b are
the elevation and azimuth angle made by a point on the
cell-membrane surface at its center (derived from Eq. 23
and Fig. 5 of Gimsa and Wachner (27)) is given by
4outside ¼  E 
abcﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃða sinbÞ2 þ ðb cosbÞ2ðc cosaÞ2
q
 ðcosa cosb cosg cosdþ 2 cosa sinb cosg sind
þ 2 sina singÞ
(2)
Here E is the strength of the EEF. A cylindrical shape is
the limiting case of an infinitely long ellipsoid with b ¼ c;FIGURE 3 Schematic of a cylindrical cell describing the normalized
perimeter (p), the angle of the EEF relative to the axis (d), the azimuth angle
bmade by a point on the cell-membrane surface at its center, the half-length
a, and the radius b of the cell.a >> b, c.
For the purpose of comparison with the experiments re-
ported in this article, the electric field can be assumed to
be in the x-y plane, that is, g ¼ 0 as the wire-electrode
pair is positioned in the x-y plane. For g ¼ 0, the term c
cos a also drops out of Eq. 2. This leads to the simplificationBiophysical Journal 105(12) 2666–26754outside ¼  E 
abﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ða sinbÞ2 þ ðb cosbÞ2
q
 ðcosb cosdþ 2 sinb sindÞ
(3)
The cell geometric parameters and the normalized
perimeter p ¼ b/2p are described in the schematic shown
in Fig. 3.
Measured data for HEI-OC1 cells
Among other differences between the HEI-OC1 cultured
cells and the OHCs, the HEI-OC1 cells do not have prestin
and furthermore they are expected to have uniform mem-
brane resistance along the perimeter. Thus, we first discuss
the distribution of transmembrane potential in cultured
HEI-OC1 cells in this section.
The normalized perimeter p is the abscissa in Figs. 4–6.
The EEF-induced transmembrane potential along the perim-
eter of HEI-OC1 cells is shown in Fig. 4 for four cells (out of
n > 10 cells tested). The measured data are represented by
red markers and the model is shown by solid curves. The
orientation of the EEF relative to the HEI-OC1 cell is d ¼
90 for the data shown in Fig. 4 A, d ¼ 10 for the data
shown in Fig. 4 B, d ¼ 5 for the data shown in Fig. 4 C,
and d ¼ 40 for the data shown in Fig. 4 D. The length
and diameter of the cells shown in Fig. 4 were measured ac-
cording to their extent on the camera image, as follows: L¼
40 mm, D ¼ 16 mm for the HEI-OC1 cell shown in Fig. 4 A;
L ¼ 80 mm, D ¼ 14 mm for the cell shown in Fig. 4 B; L ¼
64 mm, D¼ 14 mm for the cell shown in Fig. 4 C; and L¼ 28
mm, D ¼ 13 mm for the cell shown in Fig. 4 D. The respec-
tive EEF strengths were estimated to be ~2 mV/mm,
FIGURE 4 Transmembrane potential along the
perimeter of HEI-OC1 cells induced by EEF are
shown for four cells (A-D). Similar results were
found in many HEI cells (n > 10). The abscissa
is the normalized perimeter (p) described in Fig. 3.
OHC in Extracellular Electric Field 26711 mV/mm, 1 mV/mm, and 2 mV/mm. In all cases, including
tested cells not shown, the measurements agree very well
with theory. Also, there is negligible induced intracellular
potential in these cells. Therefore, the transmembrane po-
tential is equal to the negative of extracellular potential on
the cell membrane.
Measured data for OHC
Fig. 5 shows the measured transmembrane potential along
OHC perimeter in response to EEF. The measured data
are represented by red markers (where each data point is
from one ROI; see Materials and Methods) and the model
is shown by solid curves. In the cells shown, the orientation
of the EEF relative to the OHC is d ¼ 90 for the data
shown in Fig. 5, A–C, and d ¼ 0 for the data shown in
Fig. 5, D–F. In Fig. 5, the apical end of the OHC corre-
sponds to p ¼ 0, 1 (and corresponds to b ¼ 0, 2p) and
the basal end corresponds to p ¼ 0.5 (and corresponds to
b ¼ p), where p ¼ b/2p is the normalized perimeter along
the OHC. The length and diameter of the cells shown in
Fig. 5 were measured using their extent on the camera im-
age. These values were determined to be L ¼ 60 mm, D ¼
16 mm for the OHC shown in Fig. 5 A, L ¼ 70 mm, D ¼ 12
mm for the OHC shown in Fig. 5 B; L ¼ 36 mm, D ¼ 16 mm
for the OHC shown in Fig. 5 C; L ¼ 54 mm, D ¼ 12 mm for
the OHC shown in Fig. 5 D; L ¼ 64 mm, D ¼ 11 mm for the
OHC shown in Fig. 5 E; and L ¼ 70 mm, D ¼ 10 mm for the
OHC shown in Fig. 5 F. The applied EEF strength for these
cells is estimated to be approximately 2 mV/ mm in
Fig. 5 A, 2.5 mV/ mm in Fig. 5 B, 2 mV/ mm in Fig. 5 C,
3 mV/ mm in Fig. 5 D, 1.5 mV/ mm in Fig. 5 E, and
5 mV/ mm in Fig. 5 F.When the EEF is applied at d ¼ 90 i.e., perpendicular to
the OHC axis (Fig. 5, A–C), the induced transmembrane
potential on the left half of the cell is equal in magnitude
and opposite in phase with the transmembrane potential
on the right half of the cell. On the other hand, when the
EEF is applied along the OHC axis (Fig. 5, D–F), the
apical transmembrane potential is opposite in phase, but
of larger magnitude, than the basolateral transmembrane
potential. For EEF applied along the OHC axis, the
induced OHC intracellular potential is 10 mV for the
OHC shown in Fig. 5 D, 5 mV for the OHC shown in
Fig. 5 E, and 35 mV for the OHC shown in Fig. 5 F.
The 5 mV shift in Fig. 5 E may be close to the noise floor
of the voltage-dye setup used here. The induced intracel-
lular potential appears to be proportional to the strength
of the EEF times the length of the cell, as well as depen-
dent on the heterogeneity of the cell-membrane resistance
(see Supporting Material for a lumped model of the
EEF-induced intracellular potential in a simplified hetero-
geneous cylindrical cell). The heterogeneous OHC mem-
brane resistance is at least partly due to the different
apical versus basolateral resistance (28,29). The induced
intracellular potential in the isolated OHCs shown in
Fig. 5, D–F, could depend on the state of the mechanoelec-
trical transduction channels at the apex and the basolateral
channels. The process of isolating the OHCs could, in gen-
eral, affect these channels. Isolation of hair cells generally
results in the mechanoelectrical transduction channels
having a reduced open probability of ~10% (30). Strictly
speaking, it would therefore be necessary to ascertain
the state of these channels in the OHCs. However, that
was not done in this study due to technical difficulties inBiophysical Journal 105(12) 2666–2675
FIGURE 5 Transmembrane potential along the perimeter of isolated OHCs from guinea pig induced by EEF. Similar results were found in other OHCs
(n ¼ 11, including the six shown). Representative plots for six cells are shown here (A-F). The abscissa is the normalized perimeter (p) described in Fig. 3.
Images of the OHCs are shown in the insets. The transmembrane potential is proportional to the local percentage change in the fluorescent intensity, and is
independent of the raw intensity. The arrow showing the direction of the electric field is perpendicular to the orientation of the two parallel wire electrodes.
(D–F) The EEF applied along the axis also induced intracellular potential in OHCs as discussed in the text.
2672 Ramamoorthy et al.performing such an experiment on the same OHCs as used
for voltage-dye imaging.OHC transmembrane potential versus EEF
direction—simulation
The induced OHC transmembrane potential for EEF ori-
ented at angle d relative to the OHC axis in the x-y planeBiophysical Journal 105(12) 2666–2675can be considered to be a linear combination of the OHC
response to EEF at 0 (on-axis) and 90 (off-axis):
D4ðdÞ ¼ D4jEonaxiscosðdÞ þ D4jEperpendiculartoaxissinðdÞ
(4)
The OHC transmembrane potential response to on-axis EEF
is given by setting d ¼ 0 in Eq. 3 for the extracellular
FIGURE 6 Simulated OHC transmembrane potential along the perimeter
assuming the OHC as a cylindrical cell of length 70 mm, diameter 10 mm
and for EEF strength E ¼ 5 mV/mm, predicted using Eq. 4 for varying
angles (d) of the electric field relative to the cell axis.
OHC in Extracellular Electric Field 2673potential on the cell membrane and adding the intracellular
potential for the on-axis case:
D4jEonaxis¼
Eab cos bﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ða sin bÞ2 þ ðb cos bÞ2
q þ 4Eonaxisinside (5)
The OHC transmembrane potential response to EEF applied
perpendicular to the axis is given by setting d¼ 90 in Eq. 3
and adding zero intracellular potential after the measured
data (Fig. 5):
D4jEperpendiculartoaxis ¼
2Eab sinbﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ða sinbÞ2 þ ðb cosbÞ2
q (6)
Fig. 6 shows the EEF-induced OHC transmembrane poten-
tial simulated using Eq. 4 versus OHC perimeter for various
EEF directions. The parameters used in Fig. 6 are OHC
length ¼ 2a ¼ 70 mm, OHC diameter ¼ 2b ¼ 10 mm,
4Eonaxisinside ¼ 30 mV, and EEF strength E ¼ 5 mV/mm.
The EEF-induced transmembrane potential is nonuniform
along the OHC perimeter and is strongly dependent on the
EEF direction.DISCUSSION
It is well known that the EEF induces somatic electro-
motility in OHCs (9,31). OHC somatic electromotility is
an electromechanical transduction phenomenon whereby
transmembrane potential drives cellular length changes at
audio frequencies. However, the details of OHC electromo-
tility resulting from the EEF are not fully understood. Our
study shows that in contrast to the whole-cell patch-clamp
condition, where the OHC transmembrane potential is uni-
form and set by the clamp voltage, the EEF-induced trans-
membrane potential is highly nonuniform and dependent
on the EEF direction. We investigated the EEF-induced
OHC transmembrane potential, including its dependenceon the dimensions and shape of the cell and EEF direction.
The mean lateral transmembrane potential (OHC electro-
motility is expected to be approximately proportional to
this quantity) is derived from the distribution of transmem-
brane potential along OHC perimeter in the Supporting
Material. The mean lateral transmembrane potential
induced by EEF is negligible if the EEF-induced intracel-
lular potential is zero.
Even in the absence of sound stimulation, silent currents
flow from the stria vascularis into the scala and back to the
stria vascularis, thus creating complex electric fields in the
vicinity of OHCs as described in Zidanic and Brownell
(2). Sound-induced vibration of the OHC stereocilia dynam-
ically modulates the silent current as a result of receptor cur-
rents flowing through OHCs and leading to the generation of
cochlear microphonics and thus AC EEF. Local cochlear
microphonics measured in the extracellular space near
OHCs has been shown to follow sound-induced motion
(32,33). We modeled the global effect of cochlear micro-
phonics by including longitudinal cables representing the
three fluid-scalae coupled with receptor currents generated
by sound-induced mechanical vibrations (33). In particular,
we showed that the extracellular longitudinal electrical
coupling across OHCs produces further amplification of
the sound-induced vibrations in the cochlea.
Although the AC EEF is generated by the sound-induced
receptor currents, the EEF also contributes to the OHC
transmembrane potential. Even if the AC EEF generated
by sound stimulation induced a smaller OHC transmem-
brane potential than that induced directly by receptor
currents, the former could be locally higher than or compa-
rable to the latter at the OHC extremities. For example, in
the guinea pig cochlea, we estimated (34) the OHC trans-
membrane potential directly from sound-induced receptor
currents is 0.11 mV at the 19kHz best place for 40 dB
SPL sound stimulus. The corresponding receptor-current
induced difference in scala tympani potential and scala me-
dia potential is 0.6 mV. If this sound-induced potential
gradient acts as an EEF along the axis of a 40 mm long
OHC, then the EEF strength would be 0.015 mV/ mm.
The local EEF-induced extracellular potential at the OHC
extremities would be approximately 50.14 mV. At 19
kHz, the apical and basolateral capacitances of the OHCs
would also affect the EEF-induced intracellular potential
4inside. The EEF-induced transmembrane potential at the
OHC extremities would be (4inside – 0.14) mVand (4insideþ
0.14) mV, which is comparable to the receptor-current-
induced transmembrane potential of 0.11 mV at least at
one of the cell extremities.
When electrical current is injected into the cochlea, such
as for animal studies of electrically evoked cochlear
response or in cochlear implants, the injected current
spreads in a complex manner inside the cochlea (35). The
spread of the electric field is a function of the conductivities
of the scala fluids as well as the electrical impedances of theBiophysical Journal 105(12) 2666–2675
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implants (36), a portion of the organ of Corti is intact and
operational. The EEF arising out of current injected by the
implant electrodes could excite the OHC in the operational
region of the organ of Corti.
It is important to note that, in vivo, factors other than
those investigated here in isolated OHCs could be impor-
tant. The OHCs are closely, though not tightly, surrounded
by other cells in vivo. Cell packing density and distribution
can influence the EEF-induced transmembrane potential
(37). Also, the endolymph-filled scala media and the peri-
lymph-filled scala tympani partition the apical and basal
portions of the OHC at the reticular lamina. This division
also applies to the direct current (DC) electric field arising
out of the endocochlear potential across the two scalae.
Additionally, the direction of the EEF exciting the OHC
in vivo will itself depend on the resistivity of the fluids
and the cells, as well as their geometry and the presence
of neighboring cells.
The EEF-induced intracellular potential appears to
depend on a heterogeneous distribution of cell membrane
resistance. A simplified model of this dependency is dis-
cussed in the Supporting Material. Although a study focused
on EEF-induced intracellular potential versus heteroge-
neous membrane resistance (and capacitance) in OHCs is
necessary, our results suggest that even though human em-
bryonic kidney cells transfected with prestin demonstrate
electromotility under whole-cell voltage clamp or micro-
chamber (8), their electromotility under EEF would be
significantly smaller because they lack a heterogeneous dis-
tribution of membrane resistance.
The OHC apical resistance has been shown to be 7–10
times larger (28) than the basolateral resistance in an
isolated cell with nominal calcium concentration, as in peri-
lymph, and when the cell is undamaged during the isolation
process. If the concentration of calcium is reduced signifi-
cantly, it is possible to increase the open MET channels
by ~50% and imitate in vivo conditions (38). The OHC cyto-
plasm is not electrically uniform. It is known that the OHC
has a specialized structure called the subsurface cisterna
that may provide a low-conductance path alternative to the
axial core (19) and thus introduce additional changes to
the perimeter distribution of the transmembrane potential.
Both the length and electrical properties of the OHC change
with the tonotopic location inside the cochlea (13). Addi-
tionally, the membrane cholesterol composition of the
OHC plasma membrane is nonuniform, which could affect
the conductivity of the ion channels along the OHC perim-
eter (14). Last but not least, the OHC lateral membrane is
composed of functionally independent structural microdo-
mains (12). In conjunction with the known heterogeneity
of OHC membrane microdomains, voltage-gated ion chan-
nels, charge, and capacitance, the EEF-induced nonuniform
transmembrane potential measured in this study suggests
that the EEF has the potential to impact cochlear amplifica-Biophysical Journal 105(12) 2666–2675tion via OHC electromotility and the electropermeability of
molecules across the cell, such as by influencing the entry of
applied drugs into the OHC.SUPPORTING MATERIAL
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